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Studies, Aichi, JapanABSTRACT Ras functions as a molecular switch by cycling between the active GTP-bound state and the inactive GDP-bound
state. It is known experimentally that there is another GTP-bound state called state 1. We investigate the conformational
changes and fluctuations arising from the difference in the coordinations between the switch regions and ligands in the GTP-
and GDP-bound states using a total of 830 ns of molecular-dynamics simulations. Our results suggest that the large fluctuations
among multiple conformations of switch I in state 1 owing to the absence of coordination between Thr-35 and Mg2þ inhibit the
binding of Ras to effectors. Furthermore, we elucidate the conformational heterogeneity in Ras by using principal component
analysis, and propose a two-step reaction path from the GDP-bound state to the active GTP-bound state via state 1. This study
suggests that state 1 plays an important role in signal transduction as an intermediate state of the nucleotide exchange process,
although state 1 itself is an inactive state for signal transduction.INTRODUCTIONH-Ras (hereafter referred to as Ras) is a monomeric guanine
nucleotide-binding protein. Ras works as a molecular switch
to regulate cell growth by utilizing GTP hydrolysis. Extra-
cellular stimuli induce the exchange of GDP with GTP
with the help of guanine nucleotide exchange factor
(GEF) and the activation of Ras (1,2) (Fig. S1 in the Sup-
porting Material). The GTP-bound Ras interacts with
a variety of effector proteins and transduces signals that
lead to cell growth (3–5). The active GTP-bound state is
converted to the inactive GDP-bound state by GTP hydro-
lysis (6,7). Although Ras itself has GTPase activity, its
intrinsic GTPase activity is very low. The GTPase activity
is enhanced by five orders of magnitude by the binding of
GTPase activating protein (GAP) (8,9).
The structures of the active GTP-bound (10) and inactive
GDP-bound (11) states have been investigated with the use
of x-ray crystallographic analyses. These analyses revealed
that large conformational changes between these states are
seen in two regions, the so-called switch I and II regions,
around a nucleotide-binding site. Fig. 1, A and B, show
the switch regions in the active GTP-bound and inactive
GDP-bound states, respectively. Switch I consists of
residues 30–38, which form loop 2 and a part of the b2
strand, whereas switch II consists of residues 60–72, which
form loop 4 and the a2 helix. It is known that the conforma-
tional changes arise from the difference in the coordinations
of Thr-35 and Gly-60 between the GTP- and GDP-bound
states. It is also known that Thr-35 and Gly-60 are conserved
in the Ras family, and that mutations of these residues
abolish the activity of Ras (12–18).Submitted May 8, 2010, and accepted for publication September 29, 2010.
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0006-3495/10/12/3726/9 $2.00In addition to the conformational changes, the conforma-
tional fluctuations in the GTP- and GDP-bound states have
been extensively analyzed in various experiments
(12,16,19–30). In particular, backbone 1H-, 13C-, and 15N-
NMR spectroscopies have revealed that switches I and II
show interconversions among multiple conformations in
the GTP-bound state, whereas no such conformational fluc-
tuations are seen in the GDP-bound state (19,20).
Multiple conformations of switches I and II in the GTP-
bound Ras in solution have been investigated since the
mid-1990s (20–23). High-frequency electron paramagnetic
resonance spectra of the GTP-bound Ras binding Mn2þ
showed that the interaction between Thr-35 and Mn2þ is
transient in solution, although a firm interaction was
observed in x-ray structural analyses (21,22). The presence
of two conformations of switch I was shown by 31P-NMR
spectroscopy of Ras in complex with a GTP analog,
GppNHp (23). The existence of the two conformations in
the GTP-bound state was also verified by fluorescence
resonance energy transfer (24) and time-resolved Fourier
transform infrared spectroscopy (25). These two conforma-
tion states are called state 1 and state 2 (23). State 2 is the
predominant form of Ras observed in x-ray crystallographic
analyses (16,23). In contrast, state 1, in which the coordina-
tion between Thr-35 and Mg2þ is absent or weak, is the
predominant form of Ras variants, such as T35A
(16,23,26), T35S (16,26), and G60A (18). The presence of
state 1 is also found in Ras family proteins, such as
M-Ras (27,28) and RalB (31), and a Rho family protein,
Cdc42, bound to a GTP analog known as GMP-PCP (32).
For another important residue, known as Gly-60, a hydrogen
bond between g-phosphate and Gly-60 is found in the
crystal structures of T35S (16) and Cdc42 (32) (Gly-71 in
RalB (31)), whereas the hydrogen bond is absent in G60A
(18). However, because of the large fluctuations of switchdoi: 10.1016/j.bpj.2010.09.063
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FIGURE 1 Conformational switches in the GTP-bound (A) and GDP-
bound (B) states. Switch I consists of residues 30–38 and switch II consists
of residues 60–72. The figures were generated with the open-source version
of PyMOL (75).
Molecular Simulation of Ras 3727II in state 1, its detailed structure has not yet been
uncovered.
Various researchers have investigated the affinities of
state 1 to effectors in an attempt to understand the properties
of state 1 (16,18,27,28,33). The affinity to the effectors is
substantially low in state 1 of the Ras variants. Ford et al.
(18) showed that switches I and II of G60A in state 1 adopt
an open conformation in which GTP and Mg2þ are exposed
to bulk water. They also showed that G60A is a dominant
negative mutant that wastes GEF to activate wild-type Ras
by forming the stable complex with GEF. Liao et al. (28)
showed that Ras family proteins with a higher population
of state 1 exhibit higher dissociation and association rate
constants for GTP. They suggested that state 1 is a precursor
state of state 2 in the binding of the nucleotide-free state of
Ras to GTP. Kalbitzer et al. (33) recently showed that T35S
in complex with GEF adopts state 1, whereas T35S with an
effector adopts state 2.
The conformational fluctuations in the active GTP-bound
and inactive GDP-bound states, and the conformational
change between the two states have been investigated theo-
retically. The fluctuations of the switch regions in the two
states have been analyzed with the use of normal-mode
analysis (34) and molecular-dynamics (MD) simulations
(35). The pathways between the two states have been
studied with a targeted MD simulation (36,37) and an accel-
erated MD simulation (38). The minimum energy pathway
between the two states has been analyzed with the conjugate
peak refinement method (39,40). The transition between the
two states has also been analyzed via an MD simulation of
the GDP-bound G12V (41), and the relationship between
mechanical force generation and conformational relaxation
induced by GTP hydrolysis has also been investigated by
MD simulations (42). However, as far as we know, despite
these extensive experimental studies, no theoretical studies
on state 1 have been performed.
Ras is associated with membranes through the C-terminal
farnesylated cysteine in vivo. The farnesylated cysteine is in
the hypervariable region (HVR), which is involved in thedifference in lateral segregation on the plasma membrane
between the GTP- and GDP-bound states (43–45). The roles
of HVR in GTP- and GDP-bound Ras have been investi-
gated by both experimental and computational methods
(44,46–49). It was found that the interactions between the
plasma membrane and the C-terminal region alter the orien-
tation of the catalytic domain of Ras with respect to the
membrane. It was shown that the interactions between the
membrane and the C-terminal region induce minor but
potentially significant motional changes of the catalytic
domain, in particular near the C-terminal region and switch
II (49). Although the effects of the membrane are of consid-
erable interest, the structure, fluctuations, and reactions in
Ras even in the absence of the membrane still remain to
be established.
In this work, we investigate the relationship between the
conformational heterogeneity in the switch regions and the
reaction cycle of Ras without the membrane using MD
simulations and principal component analysis (PCA). First,
we analyze the conformational difference between the
active GTP-bound state (i.e., state 2) and the inactive
GDP-bound state, and the conformational fluctuations in
the two states. As mentioned above, several different groups
(34–42) have described the conformational fluctuations and
changes between the two states. In this study, however, we
analyze the conformations of these states to comprehen-
sively investigate the conformational heterogeneity of Ras
not only in state 2 and the GDP-bound state, but also in state
1. Second, analyses of the conformational fluctuations of
state 1 and the conformational change between states 1
and 2 are presented. We find that the open conformation
with large fluctuations of switch I is induced by the absence
of the coordination between Thr-35 and Mg2þ. In addition,
it is shown that the difference in the conformation of switch
II in the GTP-bound state is caused by the difference in the
coordination between Gly-60 and the g-phosphate. Finally,
we analyze the conformational heterogeneity in the switch
regions in the GTP- and GDP-bound states with PCA.
PCA describes collective coordinates related to the confor-
mational displacements (50–60). The results suggest that the
conformational change from the GDP-bound state to the
active GTP-bound state takes place via open conformations
like state 1.MATERIALS AND METHODS
We performed MD simulations for the GTP- and GDP-bound states. Table
S1 summarizes the notations and coordinations in the states calculated in
this study. As mentioned in the Introduction, Ras in state 2 (hereafter
referred to as the GTP2 state) has coordinations between Thr-35 and
Mg2þ, and between Gly-60 and g-phosphate. In contrast to the GTP2 state,
the coordination between Thr-35 and Mg2þ is absent in state 1. We
analyzed state 1 with and without the hydrogen bond between Gly-60
and g-phosphate. These two kinds of state 1 are referred to as the
GTP1w/HB and GTP1w/oHB state, respectively. The initial structure for the
GTP2 state was obtained from the x-ray structure (PDB ID 5P21 (10)).Biophysical Journal 99(11) 3726–3734
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FIGURE 2 Configurations of switches I and II in the GTP2 (A and B),
GDP (C and D), GTP1w/HB (E and F), and GTP1w/oHB (G and H) states.
The sphere represents Mg2þ. The figures were generated with the open-
source version of PyMOL (75).
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modeling based on the x-ray structure of M-Ras (PDB ID 1X1S (27)). The
initial structure of the remaining region in the GTP1w/HB state was taken
from the GTP2 state (PDB ID 5P21). The initial structure for the GTP1w/oHB
state was taken from the x-ray structure of the GTP-bound G60A (PDB ID
1XCM (18)). For the GTP1w/oHB state, an analog of cysteine in residue 118
in 1XCM was replaced with a cysteine and Lys-167 was truncated. The
initial structure for the GDP-bound state (referred to as the GDP state)
was obtained from the x-ray structure (PDB ID 4Q21 (11)).
All MD simulations were performed with the Gromacs 4 program (61).
Amber ff03 (62) was used for the proteins and ions, and TIP3P (63) was
used for water molecules. The parameters for guanine nucleotides were
as determined by Meagher et al. (64). All of the systems were solvated in
water boxes. Counterions were added for charge neutralization. The
systems are listed in Table S2. The particle mesh Ewald method with cubic
interpolation was applied to the long-range electrostatic interactions, and
the short-range Coulomb and the van der Waals interactions decay
smoothly to zero between 10 A˚ to 12 A˚. Bonds involving hydrogen atoms
were constrained with the SHAKE algorithm. The system was equilibrated
for 500 ps at 300K under NVT conditions and run for 2 ns under NPT condi-
tions at 0.1 MPa. The box lengths were adjusted by performing the equili-
bration run under NPT conditions (Table S2). After the initial equilibration
period, an additional equilibration run was carried out for 3 ns under NVT
conditions at 300K with a Nose-Hoover thermostat. The time constants for
the temperature and pressure couplings to the bath were 0.1 ps and 1 ps,
respectively. Each product run was performed for 50 ns for the GTP2,
GTP1w/HB, and GDP states, and for 70 ns for the GTP1w/oHB state. The
equilibration and product runs were performed with a time step of 2 fs.
We performed several independent MD simulations from different initial
structures representing these states to sample their broad configuration
space. Three independent MD runs for the GTP2 state and four MD runs
for the GTP1w/HB, GTP1w/oHB, and GDP states were performed, and thus
we carried out 830 ns of MD simulations in total. The overall Ca root
mean-square deviation (RMSD) remained below 3.5 A˚ for all product
runs in each state (Fig. S2). In addition, the root mean-square fluctuations
(RMSFs) of the Ca atoms were smaller than 1.0 A˚ for the nonloop regions,
as shown in Fig. S3.
We carried out PCA by using all of the trajectories for the four states (i.e.,
the GTP1w/HB, GTP1w/oHB, GTP2, and GDP states) to examine the confor-
mational displacements among these states. The details of the PCA calcu-
lations are given in the Supporting Material.
We used our previously developed TRAJAN program package (65) to
analyze the structural and dynamic properties. The PCA, RMSD, RMSF,
and backbone dihedral angles presented in this study were calculated
with the TRAJAN program package.RESULTS AND DISCUSSION
Differences in conformation and conformational
fluctuations between active GTP-bound and
inactive GDP-bound states
The representative structures of switches I and II in the
GTP2 states are shown in Fig. 2, A and B, respectively.
The water molecules at the nucleotide-binding site are
shown in Fig. S4. Mg2þ binds to the side-chain oxygen
atoms of Thr-35 and Ser-17, the b- and g-phosphates, and
two water molecules. The g-phosphate binds to the side
chain of Lys-16, the backbone nitrogen atom of Gly-60,
and water molecules, although the hydrogen bond between
the g-phosphate and Gly-60 is occasionally interrupted by
the insertion of a water molecule. The hydrogen bondBiophysical Journal 99(11) 3726–3734between Gly-60 and the g-phosphate gives loop 4 a helical
form in which Gln-61 and Glu-62 form weak hydrogen
bonds. The first turn of the a2 helix is distorted because
of the helical form of loop 4.
Fig. 2, C and D, show the structures of the switches in the
GDP state. In the GDP state the g-phosphate is lost due to
GTP hydrolysis. As a result, the coordination of Mg2þ to
the g-phosphate is replaced with one to a water molecule.
In addition, the coordination of Thr-35 to Mg2þ is absent.
Instead, Thr-35 forms a weak hydrogen bond with the
carboxylate group of Asp-33 via the side-chain oxygen
atom, and thus a turn is formed in loop 2 in the GDP state.
In switch II, the hydrogen bond between Gly-60 and the
g-phosphate is absent and Gly-60 is totally solvent-exposed.
Furthermore, the hydrogen bonds in Gln-61 and Glu-62 are
absent, and loop 4 is exposed to bulk water. In contrast to the
GTP2 state, the first turn of the a2 helix is stable. These
conformational differences between the states caused by
AB
FIGURE 3 Backbone f and j dihedral angles of the residues in switch I
(A) and switch II (B). The upper and lower graphs display the f and j
angles, respectively. The circles, diamonds, squares, and triangles show
the angles in the GTP2, GTP1w/HB, GTP1w/oHB, and GDP states, respec-
tively. The error bars represent the standard deviations.
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FIGURE 4 RMSF of the Ca atoms in (A) switch I and (B) switch II. The
circles, diamonds, squares, and triangles show the RMSF in the GTP2,
GTP1w/HB, GTP1w/oHB, and GDP states, respectively.
Molecular Simulation of Ras 3729the change in coordinations of Thr-35-Mg2þ and Gly-60-g-
phosphate are found in loop 2, loop 4, and the a2 helix
(Fig. S5 A).
The conformational difference in loop 2 results in the
different backbone dihedral angles of residues Pro-34-Ile-
36 (Fig. 3 A). Residues Pro-34-Thr-35 adopt an extended
form (j ~180) and Ile-36 adopts a wound form (120 <
j< 0) in the GTP2 state. By contrast, in the GDP state, resi-
dues Pro-34-Thr-35 adopt a wound form and Ile-36 adopts
an extended form. The conformational difference in loop
4 leads to the different dihedral angles of residues Ala-59-
Ser-65 and the backbone hydrogen bonds between these
states (Fig. 3 B and Fig. S6). In the GTP2 state, residues
other than Ala-59 and Glu-61 in loop 4 switch to a wound
form due to the hydrogen bonds of Gly-60, Gln-61, and
Glu-62. In the GDP state, residues Ala-59-Glu-62 adopt
an extended form as well as a wound form and show an
interconversion between these forms, whereas residues
Glu-63-Ser-65 show a stable extended form (Fig. S7 A).
Thus, in contrast to the GTP2 state, stable a-helical
hydrogen bonds are formed in the a2 helix.
The differences in the backbone conformation induce
changes in the conformations of the side chains. In particular,large conformational changes in the side chains are found at
Tyr-32, Thr-35, andTyr-64 (Fig. 2,A–D). The different orien-
tations of these side chains between theGTP2 andGDP states
were previously observed in x-ray structural analyses
(10,11,29). It is also known that the side chains of Tyr-32
and Tyr-64 are involved in binding to effectors (66,67) and
GEF (68).Our results show that the extensive rearrangements
of the side chains in switches I and II are caused by the differ-
ence in the coordinations, i.e., Thr-35-Mg2þ and Gly-60-g-
phosphate, between the two states.
Fig. 4, A and B, show the RMSF of the Ca atoms in
switches I and II, respectively. The fluctuation of switch I
in the GDP state is similar to that in the GTP2 state, although
the fluctuations of Thr-35 and Ile-36 in the GDP state are
larger than those in the GTP2 state because of the absence
of the coordination between Thr-35 and Mg2þ. The fluctua-
tions of loop 4 in the GDP state are more than twice that in
the GTP2 state. The large fluctuations of loop 4 in the GDP-
bound state are attributed to the two conformations of
residues Ala-59-Glu-62. On the other hand, the fluctuation
of the a2 helix in the GTP2 state is slightly larger than
that in the GDP state due to the distortion of the first turn
of the a2 helix in the GTP2 state. The difference in the coor-
dinations, i.e., Thr-35-Mg2þ and Gly-60-g-phosphate,
causes the change in the conformational fluctuations and
the conformational changes in switches I and II.
Experimental studies have shown the large fluctuations of
the switch regions in the GTP-bound state (19,20). In theBiophysical Journal 99(11) 3726–3734
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not significantly larger than those of the other loops because
of the stable coordinations of Thr-35-Mg2þ and Gly-60-g-
phosphate (Fig. S3). Our results show that the large experi-
mentally observed fluctuations of switches I and II in the
GTP-bound state are not due to intrinsic fluctuations in
the GTP2 state only, but rather to the interconversion
between different conformational states, as shown below.Differences in conformation and conformational
fluctuation between state 1 and state 2
The representative structures of switch I in the GTP1w/HB
and GTP1w/oHB states are shown in Fig. 2, E and G, respec-
tively. In both the GTP1w/HB and GTP1w/oHB states, the
coordination between Thr-35 and Mg2þ is lost and Mg2þ
forms a bond with a water molecule in the bulk water
(Fig. S4, C and D). The absence of this coordination results
in an overall conformational change of loop 2, i.e., the steric
hindrance between Pro-34 and the g-phosphate, the orienta-
tional change of the side chain of Tyr-32, and the change in
the hydrogen bonds between loop 2 and the ribose of GTP.
The hydrogen bonds between loop 2 and the ribose are very
weak in the GTP1w/HB and GTP1w/oHB states, whereas the
ribose forms stable hydrogen bonds with Var-29 and Asp-
30 in both the GTP2 and GDP states (Fig. S4). The orienta-
tional change of Tyr-32 (20,23) and the break of the
hydrogen bonds between the ribose and loop 2 (27) in state
1 have indeed been observed experimentally. The overall
conformational change of loop 2 facilitates an open confor-
mation of the b2-b3 sheet, as shown in Fig. S5 B. Fig. 3 A
shows the backbone dihedral angles for switch I in the
GTP1w/HB, GTP1w/oHB, and GTP2 states. The difference in
the coordination of Thr-35-Mg2þ between the GTP2 state
and state 1 causes the difference in the dihedral angles of
residues Pro-34-Asp-38. Fig. 3 A also shows that the disper-
sions of the dihedral angles in switch I in the GTP1w/HB and
GTP1w/oHB states are much larger than those in the GTP2
state. The large dispersions in these states are attributed to
the existence of both an extended form and a wound form
in the residues of switch I (Fig. S7, B–G).
Next, we analyzed the conformation of switch II. Fig. 2, F
andH, display the structures of switch II in the GTP1w/HB and
GTP1w/oHB states, respectively. The hydrogen bond between
Gly-60 and the g-phosphate is present in the GTP1w/HB state,
whereas it is replaced by bonds to water molecules in the
GTP1w/oHB state. Fig. S5 B shows that switch II in the
GTP1w/HB state adopts a closed conformation as the GTP2
state, whereas switch II in the GTP1w/oHB state adopts an
open conformation as the GDP state. The difference in the
conformation arises from the difference in the coordination
of Gly-60 to the g-phosphate. This conformational change
results in a difference in the dihedral angles between these
states (Fig. 3 B). The dihedral angles in the GTP1w/HB state
are similar to those in the GTP2 state, whereas the dihedralBiophysical Journal 99(11) 3726–3734angles in the GTP1w/oHB state are similar to those in the
GDP state. The conformational difference also results in
different backbone hydrogen bonds in loop 4 and thea2 helix
(Fig. S6). Furthermore, a difference in the orientations of the
side chains in switch II between the GTP1w/HB and
GTP1wo/HB states is found (Fig. 2, B, F, and H).
We analyzed the RMSF of the GTP1w/HB and GTP1w/oHB
states. Fig. 4 A shows that the fluctuations of switch I in the
GTP1w/HB and GTP1w/oHB states are significantly larger than
those in the GTP2 and GDP states. Furthermore, in the
GTP1w/HB and GTP1w/oHB states the fluctuations of switch
I are large in comparison with the other loops (Fig. S3).
These large fluctuations of switch I in the GTP1w/HB and
GTP1w/oHB states are attributed to the existence of two forms
in the residues of switch I caused by the absence of the coor-
dination of Thr-35-Mg2þ. It is known that switch I is the
recognition region for various effectors (e.g., PI3Kg RBD
and Raf RBD (69–71)), and residues Glu-37-Ser-39 form
an interprotein b-sheet with the effector. It is also known
that the affinity of state 1 to the effector is low (16,18,27).
Our study suggests that the large fluctuations of switch I
in the GTP1w/HB and GTP1w/oHB states inhibit the formation
of the b-sheet with the effectors.
Fig. 4 also shows that the fluctuation of loop 4 in the
GTP1w/oHB state is larger than that in the GTP1w/HB state
because of the absence of coordination between Gly-60
and the g-phosphate. This result shows that the conforma-
tional fluctuation of switch II depends on the coordination
between Gly-60 and the g-phosphate. We also found that
the fluctuation of loop 4 in the GTP1w/oHB state is not signif-
icantly larger than those of the other loops (Fig. S3). It is
known from structural analyses of T35S that the conforma-
tional fluctuation of switch II in state 1 is as large as that of
switch I (16). It is conceivable, therefore, that the large
experimentally observed fluctuations of switch II in state 1
are attributable to the interconversion between the
GTP1w/oHB and GTP1w/HB states rather than the fluctuation
of loop 4 in the GTP1w/oHB state.PCA of the GTP- and GDP-bound states
The above results show that the change in the coordinations
of Thr-35 and Gly-60 leads to the conformational heteroge-
neity in Ras. We calculated the PCA of the four states (i.e.,
the GTP1w/HB, GTP1w/oHB, GTP2, and GDP states) to
examine the conformational displacement among these
states. The first three PC subspaces describe 33.1%,
26.4%, and 11.3% of the total displacement. Because the
first two PCs account for almost 60% of the variance, we
will discuss the conformational changes in the states by
using these two PCs below. Fig. 5 A and Fig. S8 A show
that the first PC is mainly related to the open-closed move-
ments of loops 2 and 4, and the distortion of the first turn of
the a2 helix, which is induced by changes in the coordina-
tions between Thr-35 and Mg2þ and between Gly-60 and
A B
C
FIGURE 5 The first (A) and second (B) PCs of the four states. The struc-
ture averaged over the four states is shown as the thin tube. The shades
represent the first and second PCs as displacements from the averaged struc-
ture. The projections of the GTP2, GTP1w/HB, GTP1w/oHB, and GDP states
onto the first and second PCs are shown with the contour lines (C). The
x-ray structures of the GTP-bound Ras in a complex with the effectors
and nucleotide-free Ras binding to GEF are shown by triangles and circles,
respectively.
Molecular Simulation of Ras 3731g-phosphate. The second PC corresponds to the open-closed
movements of loop 2 and the b2 strand, which are attributed
to changes in the interaction between Pro-34 and the
g-phosphate, and in the backbone hydrogen bonds in the
b2-b3 sheet (Fig. 5 B and Fig. S8 B).
We analyzed the conformational differences of Ras with
the first two PCs, i.e., the projection of the displacement
vector between an instantaneous structure in state n and
the structure averaged over the four states onto the k-th
PC (Fig. S9). The details of the calculation of the projection
are given in the Supporting Material. Fig. 5 C shows the
distributions of the projections for the four states. The distri-
butions of all of the states are located at different positions
on the PCA map with respect to the two PCs. This indicates
the conformational differences of switches I and II among
the four states caused by the differences in the coordina-
tions, i.e., Thr-35-Mg2þ and Gly-60-g-phosphate. The
distribution also shows the extent of the fluctuation in
each state: the narrow distributions of the GTP2 and GDP
states represent their small fluctuations, whereas the wide
distributions of the GTP1w/HB and GTP1w/oHB states indicate
their large fluctuations.
We also calculated the projections on the PCA map of the
x-ray structures when Ras binds to effectors, i.e., RalGDS
(70), PI3Kg RBD (71), and GAP (72). Because the confor-mations of the complexes between the GTP-bound Ras and
the effectors are very similar to that in the GTP2 state, the
positions of these states (shown by triangles in Fig. 5 C)
are located inside the distribution of the GTP2 state. The
projections of the x-ray structures of the nucleotide-free
state binding to GEF (1,73) were also calculated. As shown
by circles in Fig. 5 C, the position of the GEF-bound nucle-
otide-free state is located between the distributions of the
GTP1w/HB and GTP1w/oHB states. The GEF-bound nucleo-
tide-free state adopts an open conformation for switch I,
which is similar to those in the GTP1w/HB and GTP1w/oHB
states (1,73). We calculated the structure with p1- and p2-
values corresponding to the x-ray structure of the GEF-
bound nucleotide-free state and the structure averaged
over the four states (Fig. S10 A). Although the four-state
averaged structure adopts a closed conformation, the pre-
dicted structure corresponding to the experimental GEF-
bound nucleotide-free state adopts an open conformation.
Fig. S10 A demonstrates that similarities are evident
between the x-ray structure of the GEF-bound nucleotide-
free state and the structure predicted with p1- and p2-values
corresponding to the experimental structure.
The above results show that the conformational change
among these four states can be reproduced qualitatively by
the two major axes. Based on the distributions of the four
states calculated from the MD simulations and the positions
of the experimentally observed states, we propose a two-step
reaction path for the nucleotide exchange process, i.e., from
the GDP state to theGTP2 state. The first step is the path from
the GDP state to the GEF-bound nucleotide-free state, which
is characterized by the opening of switch I, particularly theb2
strand. As shown in Fig. S10B, the conformation of the back-
bone of the b2 strand changes from an extended form to
a wound form in this step. We also find that the opening of
switch I causes a change in the coordinations of Asp-30
and Glu-37. In the GDP state, the backbone atom of Asp-
30 binds to the ribose, and the side chain of Glu-37 forms
weak hydrogen bonds with Ala-59 and Arg-68. In contrast,
the hydrogen bonds of Asp-30 and Glu-37 are lost in the
calculated GEF-bound nucleotide-free state. It should be
noted that in a real system, the side-chain atoms of Asp-30
and Glu-37 form salt bridges with GEF (73). The salt bridges
between switch I and GEF facilitate the opening of switch I,
and thus a helical hairpin of GEF is inserted into the space
created by the opening of switch I.
In the second step, the GEF-bound nucleotide-free state is
converted to the GTP2 state via a state with an open confor-
mation to allow the binding of GTP and Mg2þ. The second
step is characterized by the closing of switch I, i.e., the
conversion from state 1 to state 2 (Fig. S10 B). The back-
bone of the b2 strand is converted into an extended form,
and thus the b2-b3 sheet is reformed. In addition, the change
in coordination between the ribose and Asp-30 is found
along the path at the second step: the ribose forms a weak
hydrogen bond with the side chain of Asp-30 at an earlyBiophysical Journal 99(11) 3726–3734
3732 Kobayashi and Saitostage and eventually binds to the backbone of Asp-30.
In the second step, the side chain of Asp-30 becomes
solvent-exposed, and the backbone of Asp-30 moves near
to the nucleotide (Fig. S4 A). Therefore, the coordinations
involving the residues in switch I, particularly Asp-30, could
be utilized as a marker to probe the conformational change
in the nucleotide exchange process.
The reaction path suggested in Fig. 5 C is in agreement
with a recently proposed mechanism wherein state 1 is
involved in the nucleotide exchange process (28,33). Kalbit-
zer et al. (33) demonstrated that state 1 adopts the open
conformation that interacts with GEF. Liao et al. (28) showed
that the association rate of GTP to state 1 is higher than that to
the GTP2 state, due to the open conformation. These experi-
mental results are in agreement with our findings that the
exchange of the nucleotide takes place through a state with
an open conformation like state 1. Furthermore, our results
are consistent with a recent theoretical finding that the direct
path from the GDP state to the GTP2 state has a large energy
barrier that is difficult to overcome with conventional and
accelerated MD simulations (38). The results also show
that our approach, which involves searching for reaction
coordinates by using PCA in several states, can be used to
analyze slow processes involving cooperative conforma-
tional changes, such as the nucleotide exchange process.CONCLUSIONS
We investigated the relationship between the conforma-
tional heterogeneity in Ras and its reaction cycle by using
MD simulations and PCA. First, we analyzed the changes
in the conformations between the active GTP-bound state
(i.e., state 2) and the inactive GDP-bound state. We showed
that the conformational differences in switches I and II arise
from the difference in the coordinations (i.e., Thr-35-Mg2þ
and Gly-60-g-phosphate). We also showed that the differ-
ence in these coordinations results in the conformational
differences in the side chains, in particular Tyr-32 and
Tyr-64, which are key residues in the binding of Ras to
the effectors (66–68).
We also investigated the conformational differences
between state 1 (i.e., the GTP1w/HB and GTP1w/oHB states)
and state 2 (i.e., the GTP2 state). We found that switch I
in the GTP1w/HB and GTP1w/oHB states adopts multiple
conformations caused by the absence of the coordination
between Thr-35 and Mg2þ. Our results suggest that the large
fluctuations among the multiple conformations of switch I
in the GTP1w/HB and GTP1w/oHB states inhibit the
formation of complexes with effectors (16,18,27). We found
that the breakage of the hydrogen bond between Gly-60 and
the g-phosphate causes the conformational difference in the
secondary structure of switch II between the GTP1w/HB and
GTP1w/oHB states. We also found conformational differences
in the side chains in switches I and II between these states.
We attribute the large fluctuations of switch II in the GTP-Biophysical Journal 99(11) 3726–3734bound state to the interconversion between the two different
conformations characterized by the presence or absence of
the coordination of Gly-60-g-phosphate.
The conformational heterogeneity among all four states
(i.e., the GTP1w/HB, GTP1w/oHB, GTP2, and GDP states)
was investigated in terms of PCA. The distributions of the
states to different positions on the PCA map with respect
to the first two PCs illustrate the conformational heteroge-
neity in Ras. We also calculated the loci on the PCA map
of the x-ray structures for Ras bound to effectors and the
GEF-bound nucleotide-free state. The results suggest
a two-step nucleotide exchange reaction path from the
GDP-bound state to the GTP-bound state via a conformation
like state 1. The two steps are characterized by the opening
and closing of switch I, respectively. This path is consistent
with a recently proposed mechanism wherein state 1 is
involved in the nucleotide exchange process (28,33).
It is known that state 1 itself is inactive with respect to
signal transduction. However, our suggest that state 1 plays
an essential role in controlling signal transduction, not only
as a resting state but also as an intermediate state to the
active GTP-bound state. Further studies are required to
elucidate the physiological importance of state 1 in the func-
tion of Ras. In addition, the effects of the membrane and
HVR on the conformation of state 1 and the nucleotide
exchange process should be examined in future studies.SUPPORTING MATERIAL
Two tables and six figures are available at http://www.biophysj.org/
biophysj/supplemental/S0006-3495(10)01214-2.
Note added in proof: The complete tertiary structures of H-RasT35S were
published in a recent study (74). That study revealed that Ras in state 1
adopts two distinct structures: form 1 and form 2. The deviations between
the two forms arise from the difference in the interactions between Gly-60
and the g-phosphate, and between the ribose and switch I. These observed
forms would be related to the GTP1w/oHB and GTP1w/HB states discussed in
this study.
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